Electroporation by using pulsed electric fields with long durations compared with the charging time of the plasma membrane can induce cell fusion or introduce xenomolecules into cells. Nanosecond pulse power technology generates pulses with high-intensity electric fields, but with such short durations that the charging time of the plasma membrane is not reached, but intracellular membranes are affected. To determine more specifically their effects on cell structure and function, human cells were exposed to high intensity (up to 300 kV/cm) nanosecond (10-300 ns) pulsed electric fields (nsPEF) and were analyzed at the cellular and molecular levels. As the pulse duration decreased, plasma membrane electroporation decreased and appearances of apoptosis markers were delayed. NsPEF induced apoptosis within tens of minutes, depending on the pulse duration. Annexin-V binding, caspase activation, decreased forward light scatter, and cytochrome c release into the cytoplasm were coincident. Apoptosis was caspase-and mitochondria-dependent but independent of plasma membrane electroporation and thermal changes. The results suggest that with decreasing pulse durations, nsPEF modulate cell signaling from the plasma membrane to intracellular structures and functions. NsPEF technology provides a unique, high-power, energy-independent tool to recruit plasma membrane and/or intracellular signaling mechanisms that can delete aberrant cells by apoptosis.
Generally, electroporation pulses exhibit relatively low electric field strength (0.1-1.0 kV/cm) and relatively long pulse durations (0.1 to 20 ms). Pulse power technology allows a remarkable extension of electroporation conditions to include square or trapezoidal pulses forms with significantly shorter durations (1-300 ns) and considerably higher electric fields (up to 300 kV/cm). The use of this technology has allowed us to apply nanosecond pulsed electric fields (nsPEF) with field intensities several hundreds of times higher than electroporation pulses to cells and tissues without causes biologically significant temperature increases in the biological samples; the effects of nsPEF are essentially non-thermal. In contrast to electroporation, the effects of nsPEF on mammalian cells have only recently been explored (15) (16) (17) .
The effect of oscillatory electric fields on the plasma membrane of cells has been discussed by Schwan and others (18) . For low frequencies-low compared with the inverse of the charging time of the plasma membrane (19) (β-frequency)-the voltage across the plasma membrane is comparable with the voltage drop across the entire cell: The membrane shields the cell interior from the applied electric field. However, for frequencies that are high compared with the β-frequency, the voltage across the outer membrane decreases and the applied electric field appears increasingly across the cytoplasm; the outer membrane becomes transparent for high-frequency electric fields and the cell interior becomes exposed to the applied electric field.
The shape of electrical pulses can be described by a spectrum of electric oscillations through Fourier transforms. With reduced pulse duration (and/or with increased electric field rise) the frequency spectrum of pulsed electric fields contains increasingly higher frequencies. With pulses of durations shorter than the charging time of the plasma membrane, which contain considerable spectral components above the β-frequency, the probability that electric field interactions will occur with intracellular structures is strongly increasing, allowing access to intracellular membranes (20) (21) (22) . We recently presented experimental evidence supporting this theory by showing that nsPEF could cause breaching of intracellular granules in human blood eosinophils, while the plasma membranes remained intact (15) . Thus, intracellular electromanipulation, most likely electroporation of intracellular structures, was possible. NsPEF have been used to eliminate bacteria with potential applications in decontamination (23, 24) . We consider here the possibility that nsPEF could eliminate eukaryotic cells by apoptosis.
Two basic cell death mechanisms are necrosis and apoptosis. Two important differentiating and distinctive characteristics between these two means of cell demise are the biochemical mechanisms, which are highly conserved among species, and the response of surrounding cells, which determine the presence or absence of inflammation, pain, and scaring. Both types of death include the ultimate loss of membrane integrity. Necrosis is cell death due to irreparable plasma membrane rupture as a primary insult to the membrane structure or as a result of an abrupt loss of membrane integrity due to an abrupt mitochondrial dysfunction. The surrounding cells respond to necrosis by initiating reactions that develop into inflammation, pain, and scarring in vivo. In contrast, apoptosis is an energy-dependent series of reactions through highly conserved, inherent intracellular signaling cascades that proceed to the systematic disassembly of the cell without disrupting the function or provoking responses from adjacent cells. A series of biochemical and morphological apoptosis cell markers have been characterized that lead to a relatively well-defined phenotype (25, 26) . In vivo, the intact cell undergoing apoptosis is removed by phagocytosis (27) (28) (29) . Thus, the final step of apoptosis, membrane rupture, occurs inside the phagocyte. In this way cells are turned over, tissues are remodeled, and aberrant or unwanted cells are eliminated without inflammation, pain, or scarring (29) . In in vitro studies like the ones presented here, phagocytes are not present and biochemical mechanisms result in a defined series of apoptosis markers that precede the loss of membrane integrity. This membrane rupture is secondary to apoptosis and is referred to as secondary necrosis.
Apoptosis signals can arise from the plasma membrane or from intracellular structures (17, (26) (27) (28) (29) (30) (31) , including the nucleus, mitochondria, or endoplasmic reticulum, among others, which activate pathways that converge on the activation of caspases (27) . Apoptotic cells exhibit wellcharacterized features that distinguish them from necrotic cells. These include maintenance of membrane integrity, externalization of phosphatidylserine on the plasma membrane, caspase activation, chromosomal condensation, and morphological changes. Some of these markers result from caspase-mediated hydrolysis of cellular proteins that maintain cell structure and function (27, 30) . Modulation of apoptosis regulation has recently shown therapeutic promise in the treatment of some diseases, including cancer (31) .
In this study, we sought to determine more specifically the effects of nsPEF on cell structure and function by exposing human cells to nsPEF and analyzing them at the cellular and molecular levels. We show that as pulse duration decreases, plasma membrane electroporation decreases. Using nsPEF that do and do not include plasma membrane poration, we show that cellular responses to classical membrane electroporation versus nsPEF are fundamentally distinct. In contrast to conditions that induce classical plasma membrane poration, nsPEF induce apoptosis through caspase-and mitochondria-dependent mechanisms. NsPEF-induced apoptosis can occur independently of plasma membrane electroporation and thermal changes and occurs by recruiting intracellular and/or plasma membrane apoptosis signaling mechanisms that are utilized by other apoptotic stimuli.
MATERIALS AND METHODS

Cell culture and exposure to electric fields
Human Jurkat and HL-60 cells (maintained between 2.0-7.5×10 5 cells/ml) were obtained from and cultured as recommended by American Type Culture Collection (ATCC, Manassas, VA). Both cell types responded similarly over a wide range of passage numbers. 3T3-L1 cells grown to near confluence (200-350,000 cells/100 mm dish) were obtained from and cultured as recommended by ATCC. Results were similar regardless of cell passage number. Prior to treatment, 3T3-L1 cells were harvested by mild trypsin treatment, washed, and resuspended. In nsPEF experiments, cells (1×10 6 cells/130 µl) were exposed in the presence of ethidium homodimer-1 (EthD-1) (Molecular Probes, Eugene, OR) to nsPEF in Hank's balanced salt solution without Ca2+or Mg2+ (HBSS) (Mediatech, Cellgro Herndon, VA), in commercial electroporation cuvettes (0.1 cm) (BioRad, Hercules, CA). Cells were analyzed for apoptosis markers by flow cytometry, enzymatic assay, or immunoblot analysis. For electroporation, cells were suspended in HBSS (1×10 6 /ml) and exposed to electroporation pulses in the presence of EthD-1 by using a Gene Pulser Transfection Apparatus (Bio-Rad) in cuvettes (0.4 cm, 400 µl) according to the manufacturer's recommendations. In the optimized experiments reported, cells were exposed to pulses with 6 msec durations at 250 µF. In some experiments EthD-1 was added at various times after pulses. Analysis was by flow cytometry.
Nanosecond pulse generators
The 60 ns pulse generators were previously described (15, 17) . The design of the 300 ns pulse generator was similar to that of the 60 ns generator, except that the set of five parallel cables that serve as pulse forming-network are five times longer than those used in the 60 ns system. The impedance of each cable is 50 Ω; the total impedance of the network comprising five cables in parallel is consequently 10 Ω. The pulse duration τ is determined by the length l of the cables and the dielectric between the two conductors. It is for the matched case, where the load resistance (in our case the suspension between two electrodes in a cuvette) equals the impedance of the pulse-forming network:
where ε r is the dielectric constant of the insulating layer between the two conductors, and c is the speed of light in vacuum. In this (matched) case the voltage across the load is half of the applied voltage.
In order to double the output voltage, we have developed a 10 ns pulse generator by using a Blumlein configuration (32) , which consists of two strip lines of equal length, each with an impedance of Z, with the switch placed on one end and the load between the two lines. The line impedance, Z, is
where t is the thickness of the insulator, and w is the width of the strips. In case of a matched load, with the load resistance for the Blumlein circuit equal to twice the line impedance, the voltage across the load is the fully applied voltage and the pulse duration is τ/2 (Eq. 1), with l as the sum of the length of the two strip lines. The strip lines were made of two copper plates (80 cm long and 2.5 cm wide), separated by a Teflon sheet with a relative dielectric constant of 2.2. The impedance Z was 5 Ω; the load impedance, 10 Ω; the pulse duration, 10 ns. These data were confirmed through measurements with a matched load. A typical pulse shape is shown in Fig. 1 . The switch is a pressurized spark gap with gap lengths varying from 0.5 to 2 mm. It was operated in a self-breakdown mode. By adjusting pressure and gap length, the output voltage could be varied from 2 to 30 kV. With electrodes in the cuvettes separated by 0.1 cm, the corresponding electric field values varied from 20 to 300 kV/cm. The energy density W, deposited into the suspension by applying a square electric field pulse of duration τ, is given by:
where E is the electric field intensity, and ρ is the resistivity of the suspension (measured as 130 Ωcm in our experiments).
Flow cytometry
Cells (1×10 6 ) were exposed or not exposed to nsPEF or other agents and incubated with Annexin-V-FITC and/or EthD-1 for 5 min. In some experiments, EthD-1 was present during exposure to nsPEF. Cell suspensions (1.5×10 4 /ml) were then analyzed by using a BectonDickinson FACS Calibur flow cytometer. Cells (15,000) were evaluated for each sample by excitation with a 488 nm argon laser by determining their position on a forward-scatter versus side-scatter contour plot. Fluorescence emission was collected with interference bandpass filter sets for FL-1 and FL-2. Data were stored and analyzed with CellQuest software. For the contour plots in Figs. 3 and 5, parameters were set at 50% log density. From the innermost to the outermost color (yellow, dark blue, orange, light blue, pink, and green), the percentage of cells represented are 50%, 25%, 12%, 6%, 3%, and 1%, respectively.
Definition of necrosis and apoptosis
For these in vitro studies, primary necrosis was defined as an irreversible loss of plasma membrane integrity as a direct, pulsed electric field effect. This was determined by observing a decrease in cell number immediately after the pulse (2-5 min). For both nsPEF and classical electroporation pulses, primary necrosis was not readily observed in these studies. Apoptosis is defined by the presence of several well-defined markers (26) (27) (28) (29) (30) (31) , including annexin-V binding, caspase activation, decrease in forward light scatter by flow cytometry, and cytochrome c release into the cytoplasm. Secondary necrosis was defined as a loss of membrane integrity as a secondary event following the appearances of apoptosis markers. This is an in vitro artifact of apoptosis in the absence of phagocytosis, since apoptosis in vivo includes phagocytosis before membrane rupture (29) .
Determination of plasma membrane integrity with ethidium homodimer (EthD-1) by flow cytometry
To determine the direct effects of pulsed electric fields on plasma membrane integrity, cells were exposed to pulses in the presence of ethidium homodimer-1 (EthD-1), a membrane-impermeable DNA stain (0.8 kDa) that labels cells with a red fluorescence if the plasma membrane is breached. Plasma membrane electroporation is defined as the presence of EthD fluorescence when ethidium is present during the pulse and the absence of cell death by primary necrosis. To determine the status of the plasma membrane integrity after the pulses, EthD-1 was added at various times after the application of pulses. Analysis was by flow cytometry. Based on results presented here for the majority of cells, the loss of membrane integrity as determined by EthD-1 fluorescence under conditions of low (classical electroporation) or high (nsPEF) electric fields was not correlated with primary necrosis (see above). Thus, losses of plasma membrane integrity indicate either transient electroporation or "secondary necrosis", which follows the appearance of markers of apoptosis as an in vitro artifact.
Apoptosis induction determined by annexin-V-FITC binding to intact cells
Cells were exposed to nsPEF. After nsPEF application, cells were incubated with EthD-1, a membrane-impermeable DNA stain and Annexin-V-FITC, which binds to phosphatidylserine in the presence of 1mM Ca2+ for 5 min and analyzed by flow cytometry. Normal cells were negative for EthD-1 and annexin fluorescence. Necrotic cells (primary or secondary) were positive for EthD-1 and annexin fluorescence. Apoptotic cells were annexin-positive and EthD-1-negative. Other cytometric parameters collected simultaneously included forward light scatter (consistent with cell size) and side light scatter (consistent with intracellular complexity).
Determination of caspase activation
In vivo caspase activity was determined by using a fluorescent-labeled, cell-permeable, irreversible caspase inhibitor, FITC-VAD-fmk (Valine-Alanine-Glutamate-fluoromethylketone labeled with fluorescein isothiocyanate), which is specific for the active site of caspases (33) . FITC-VAD-fmk was used at a final concentration of 20 µM dissolved in DMSO. The final concentration of DMSO was without effect. Following exposure to nsPEF, cells were incubated for 20 min with the inhibitor, washed in Hank's balanced salt buffer without Ca2+ or Mg2+, and examined by flow cytometry. For caspase activity in vitro, extracts from control and exposed cells were assayed for caspase activity (picomoles of substrate cleaved/min/mg extract protein) by using the fluorescent substrate DEVD-afc (Aspartate-Glutamate-Valine-Aspartate-AFC) as previously described (26) .
Cellular cytosol and mitochondrial fractions
Cells (5×10 6 ) exposed to nsPEF were sedimented (200 x g, 5 min), and the pellet was washed with PBS twice, resuspended in extraction buffer (150-200 µl), and incubated on ice for 30 min. Extraction buffer contained 50 mM Pipes, pH 7.4, 200 mM mannitol, 68 mM sucrose, 50 mM KCl, 5 mM EGTA, 2 mM MgCl 2 , 1 mM DTT, and protease inhibitors used in lysis buffer (26) . Cells were then homogenized 20-30 strokes with a Dounce homogenizer, spun at 14,000 x g for 15 min at 4°C. The supernatant was used as the cytosol fraction. The pellet was resuspended in 100 µl lysis buffer with protease inhibitors (see above) and used as the fraction containing mitochondria.
Immunoblot analysis for cytochrome c and cytochrome c oxidase
The cytosol or mitochondrial fractions were prepared for SDS-PAGE by using standard procedures. Proteins (5-10 µg) were separated by 10% SDS-PAGE and transferred to PVDF membranes. Membranes were treated according to the manufacturers' recommendations with a mouse monoclonal anti-cytochrome c antibody (IgG2b; 1-2 µg/ml, BD PharMingen) or a mouse monoclonal anti-bovine cytochrome c oxidase subunit IV (1/2000, BD PharMingen), an integral mitochondria membrane-specific marker. Proteins were visualized by using enhanced chemiluminescence (Amersham).
Graphic programs and statistical analysis
The graphic programs and statistical packages are incorporated within Excel and PSI Plot (Poly Software International, Sandy, Utah). In PSI plot, descriptive statistics are used to obtain the arithmetic mean, which estimates the value around central clustering and the standard error through standard formulas. To figure probability or significance of two parameters, the paired Student's t-test was used. All appropriate formulas are included in the Excel and PSI programs. Figure 2 compares the effects of nsPEF as indicated in HL-60 cells and Jurkat cells. Cells were exposed to five repetitive pulses as indicated in the presence of EthD-1. Electric fields were adjusted to provide similar energy densities (~1.7 J/cc). For both cell types, shorter pulses resulted in less EthD-1 fluorescence. Increases in EthD-1 fluorescence were directly proportional to pulse duration ( Figure 2 ) and pulse number (not shown). The two cell types responded somewhat differently. In Jurkat cells, 60 and 300 ns pulses had similar maximal effects. For HL-60 cells, 60 ns had a lesser effect (~fivefold > control) than the 300 ns pulse (~30-fold > control). Both cell types exhibited decreased forward light scatter (not shown).
RESULTS
As the pulse duration decreases, plasma membrane electroporation decreases
Plasma membrane electroporation did not occur in response to nsPEF in all cell types. Figure 3 illustrates a flow cytometric contour plot expressed as EthD-1 fluorescence versus forward light scatter with mouse 3T3-L1 cells exposed to 10 pulses at 300 ns and 60 kV/cm in the presence of EthD-1. 3T3L-1 cells did not exhibit increased EthD-1 fluorescence, but did exhibit decreased forward light scatter. Figure 4 shows representative experiments comparing the effects of three 60 ns pulses at 60 kV/cm and a single 6 msec electroporation pulse on Jurkat cell membrane integrity. The 60 ns pulses resulted in a small increase in EthD-1 fluorescence when EthD-1 was present during the pulse (EthD-1 0'). Cells responded as a homogeneous population. When EthD-1 was added 5 or 10 min after the pulses, no EthD-1 fluorescence was observed, indicating that nsPEF caused short-lived changes in membrane integrity interpreted as plasma membrane electroporation. A decrease in cell number by primary necrosis was not readily detectable. However, only 10-15% of the cells survived after 18-24 h, suggesting death by apoptosis (see below).
Classical electroporation pulses and nsPEF have different effects on cell plasma membranes
In contrast, the electroporation pulse caused a 18.5-fold increase in EthD-1 fluorescence (Control: 10.2±2.4; electroporated: 188.4±22.3, n=5, P<0.001). The responses were heterogeneous, including two cell populations. One population (45.1±2.8%) exhibited EthD-1 fluorescence of 36.2 ± 4.1 (3.5-fold increase). A second population (55.0±2.7%) exhibited EthD-1 fluorescence of 726.8 ± 58.9 (71-fold increase). When EthD-1 was added 5 or 45 min after the electroporation pulse, cells continued to exhibit EthD-1 fluorescence for tens of minutes following pulse application, indicating long-lasting membrane changes. Primary necrosis resulting from these conditions was not readily detectable. Of those exposed to these conditions, 80-90% survived 18-24 h after the pulse.
NsPEF increase annexin-V-FITC binding in human cells
To determine whether nsPEF application induced apoptosis, cells were exposed to nsPEF and then analyzed by flow cytometry by using annexin-V-FITC binding to phosphatidylserine and EthD-1 fluorescence to identify intact cells. Figure 5 shows temporal effects when Jurkat cells were exposed to nsPEF (3 pulses, 60 ns, 60 kV/cm, ~1.7 J/cc). The contour plots are from a representative experiment, and the table shows results from six experiments. Nearly 85% of the control cells were alive (intact and normal). Only about 12% were defined as apoptotic and about 2% were necrotic. Five minutes following nsPEF treatment, about 82% of the cells became apoptotic (annexin-V positive, EthD negative). Only about 4% of the cells remained normal, and nearly 13% were necrotic. In a time-dependent manner, apoptotic cells lost membrane integrity exhibiting secondary necrosis (Annexin-V and EthD positive after the appearance of apoptosis markers). By 30 min, nearly 30% of the cells exhibited secondary necrosis and 70% remained apoptotic. This observed nsPEF-induced shift in the cell populations from normal to apoptotic followed by a time-dependent secondary shift from apoptotic to necrotic indicated apoptosis had proceeded to include membrane rupture, a typical characteristic of in vitro necrosis secondary to apoptosis. Addition of annexin-V-FITC at various times (5-30 min) after nsPEF treatment indicated that phosphatidylserine was not readily reversible and that its exposure on the outer leaflet of the membrane was permanent. Twenty-four hours after nsPEF treatment, cell numbers in treated cells had decreased by 67% of the number of control cells, which nearly doubled in 24 hours (data not shown).
Fas-or UV treated Jurkat cells undergoing apoptosis showed decreased forward light scatter and were reduced in volume compared with control cells (34) . In experiments not shown, annexin-V-FITC-positive cells also exhibited decreased forward light scatter.
NsPEF induce caspase activation in human cells
We demonstrated in a representative experiment (17) that nsPEF treatment increased caspasemediated DEVD-afc hydrolytic activity in vitro from Jurkat cell extracts. In a subsequent series of studies, electric fields were adjusted to provide energy densities of ~1.7 J/cc/pulse to suspensions of Jurkat cells. Experiments were performed with a sequence of five pulses with approximately 2-s intervals. Control caspase activity was 33.8 ± 6.8 pmol/min/mg (n=7). Compared with control, nsPEF-treatment significantly increased caspase activity to 53.0 ± 7.2, P < 0.02 (10 ns, 150 kV/cm), 100.4 ± 7.2, P = 0.05 (60 ns, 60 kV/cm); and 208.4 ± 46.3, P = 0.01 (300 ns, 25 kV/cm). The latter was equivalent to cycloheximide-induced caspase activation (187.8 ± 48.1, P=0.02). Similar changes in caspase activity were observed in HL-60 and 3T3-L1 cells exposed to these same nsPEF conditions (data not shown).
To analyze caspase activity in cells in situ, active caspases were determined by using a fluorescent, cell-permeable, irreversible caspase inhibitor (FITC-VAD-fmk). In experiments with Jurkat cells not illustrated (n=4), caspase activation was increased in direct proportion to the electric field and pulse duration independent of the energy density. Control cells exhibited a geometric mean FITC-VAD-fmk fluorescence of 61 ± 5 arbitrary units. For conditions that equalized the energy density at ~1.7 J/cc, Jurkat cells exposed to 10 ns and 150 kV/cm or 60 ns and 60 kV/cm increased their geometric mean fluorescence to 224 ± 87 (3.7-fold) and 637 ± 108 (10.4-fold, n=4), respectively.
Caspase activation in vitro and in intact cells was greater when the duration of nsPEF was longer (300>60>10ns). We analyzed the kinetics of caspase activation in intact cells by using the FITC-VAD-fmk as a marker for caspase activity in HL-60 cells ( Figure 6 ). Cells were sham-or nsPEFtreated and analyzed by flow cytometry for FITC-VAD-fmk fluorescence 25 and 40 min after nsPEF treatment. For both conditions, there was a time-dependent increase in caspase activation. Control cells exhibited low background fluorescence, indicating little or no caspase activation.
Cells that were exposed to 60 ns pulses exhibited approximately 25-to 30-fold increases in active caspase fluorescence, which were slightly higher after 40 min than 25 minutes. For the 10 ns pulses, caspase activation was slower. It took about 15 min longer for the 10 ns pulses to reach a similar caspase activation levels as the 60 ns pulses.
A caspase inhibitor attenuates annexin-V-FITC binding but not forward light scatter
To determine whether nsPEF-induced annexin-V-FITC binding and decreased forward light scatter were caspase-dependent, we pre-incubated cells with z-VAD-fmk, a cell-permeable caspase inhibitor, exposed to five 60 ns pulses (~1.7 J/cc/pulse), incubated with annexin-V-FITC, and analyzed by flow cytometry (Figure 7) . Cells not exposed to nsPEF exhibited low annexin-V binding in the presence and absence of z-VAD-fmk (Figure 7, top) . When cells were exposed to nsPEF in the absence of the inhibitor, a single population of cells exhibited increased fluorescence intensity, indicating annexin-V-FITC binding. In the presence of z-VAD-fmk, annexin-V-FITC fluorescence was significantly attenuated, generating two populations of cells with levels of annexin-V-FITC fluorescence lower than cells treated with vehicle. In contrast, z-VAD-fmk had little or no effect on the nsPEF-induced decrease in forward light scatter ( Figure  7 , bottom) or increase in side light scatter (not shown). Figure 8 shows Jurkat cells exposed to single pulses of 10 or 60 ns at a number of different electric fields as indicated. Cells were exposed in the presence of EthD-1 and incubated with FITC-VAD-fmk before analysis by flow cytometry. The cells exhibited little or no increases in EthD-1 fluorescence (left panels). Only a slight increase was observed at 60 ns and 60kV/cm. In contrast, cells exhibited increases in annexin-V-FITC fluorescence (right panels) that were directly dependent on the electric field. Similar results were observed with HL-60 cells. The most remarkable example of apoptosis induction without poration occurred in 3T3-L1 cells (data not shown). After ten 300 ns pulses at 300 kV/cm, the most intense conditions tested, 3T3-L1 exhibited significantly elevated annexin-V-FITC binding and caspase activity in the absence of plasma membrane poration (see Figure 3 ). Thus, in three different cell types, the appearance of apoptosis markers was separable from a loss in plasma membrane integrity due to electroporation.
NsPEF-induced apoptosis is not dependent on plasma membrane electroporation
NsPEF induce cytochrome c release into the cytoplasm
To determine whether nsPEF invoked a mitochondrial-dependent mechanism for apoptosis induction, the presence of cytochrome c in the cytoplasm was determined (Figure 9 ). Lane 1 shows that the mitochondrial fraction contained bands for both cytochrome c and cytochrome oxidase IV, an integral mitochondrial membrane protein. The cytosol fractions (lanes 2-5) were mitochondria-free as indicated by the absence of cytochrome oxidase IV. The control (lane 2) showed little or no cytochrome c in the cytosol, whereas all nsPEF treatment (lanes [3] [4] [5] showed the presence of cytochrome c.
DISCUSSION
In a previous study we demonstrated an extension of electroporation to intracellular membranes while minimizing effects on the plasma membrane (15) . In spite of the high electric field intensity and high power, the extremely short pulse durations limited the energy density such that significant thermal effects did not occur. Here we include new pulse generators that deliver pulses with electric fields as high as 300 kV/cm, durations as short as 10 ns, and frequencies as high as 1GHz. With this new technology, we demonstrate that, as the pulse duration decreases, plasma membrane electroporation effects decrease. When pulse durations were short enough, no plasma membrane poration was present. Thus, nsPEF and electroporation pulses are fundamentally different. First EthD-1 uptake with electroporation pulses was as high as 70-fold above background, whereas nsPEF-induced uptake in Jurkat and HL-60 cells, when it occurred at longer durations, was never greater than several-fold. Second, when nsPEF-induced membrane effects were present, they were short-lived. No uptake occurred when ethidium was added immediately after the pulse. In contrast, classical electroporation-induced "pores" were longer lasting; EthD-1 uptake persisted for tens of minutes after the pulse. This plasma membrane electroporation afterfield effect, which may be due to EthD-1-membrane lipid complexes (35) , was not present after nsPEF. Third, 24 h after classical electroporation pulses, 80-90% of the cells were viable, whereas cells exposed to nsPEF underwent apoptosis. Thus, classical plasma membrane electroporation was associated with cell survival, whereas nsPEF effects were associated with apoptosis induction. Under the conditions tested here, necrosis was not a significant outcome of nsPEF or classical plasma membrane electroporation. These results suggest that the putative plasma membrane pore number, size and/or resealing rates, and the structure and/or function of the pores are different for nsPEF and classical electroporation conditions. Although nsPEF effects on the plasma membrane cannot be excluded, the results indicate that nsPEF-induced apoptosis mechanisms are largely independent of plasma membrane electroporation, but dependent on cell-signaling mechanisms involving intracellular apoptosis cascades that are used by physiological stimuli.
NsPEF induce intracellular apoptosis signaling mechanisms in cells as determined by concurrent appearances of initial maintenance of plasma membrane integrity, annexin-V-FITC binding, caspase activation, and decreased forward light scatter (apparent shrinkage). The use of the caspase inhibitor suggested that at least some of the annexin-V-FITC binding, but not forward and side light scatter, was caspase-dependent. In addition, in Jurkat cells nsPEF caused the release of cytochrome c into the cytoplasm. Thus, nsPEF-induced apoptosis involves caspaseand mitochondria-mediated mechanisms. Classical plasma membrane electroporation has been reported to induce apoptosis, but this can be due to the uptake of DNA during transfection (36) (37) (38) (39) , cytokine depletion in some cell types (38) , or to the application of supercritical field pulses that induced apoptosis in several hours (40) . Most noteworthy, apoptosis could be induced in Jurkat and HL-60 cells independently of plasma membrane electroporation. Interestingly, there was no plasma membrane poration in 3T3-L1 cells under any tested nsPEF condition, yet apoptosis was induced.
Unlike physiologically induced apoptosis, such as UV irradiation, Fas ligand, or serum/nutrient deprivation, cells have not evolved to respond to nsPEF. Nevertheless, nsPEF-exposed cells exhibit the same apoptosis markers induced by natural apoptotic stimuli. However, the temporal progression of nsPEF-induced apoptosis appears to be different from many other apoptotic stimuli. While Fas, UV light, and toxic chemicals require hours for the appearance of apoptosis markers, nsPEF-induced apoptosis markers appear in tens of minutes following treatment. Following nsPEF treatment, cells bound annexin-V-FITC and only later took up EthD-1. Caspases were activated in 5-20 min. The annexin-V binding occurred rapidly and permanently, and 30% of the cells had proceeded to include membrane rupture by 30 min, a typical characteristic of in vitro, secondary necrosis. We suggest that the rapidity of apoptosis progression is due to unique conditions that include extremely high power (megawatts) for extremely short periods of time (nanoseconds). The kinetics of nsPEF-induced apoptosis depends on the pulse duration. Shorter pulses, which have lesser plasma membrane effects, result in slower apoptosis progression. Longer pulses, which have greater plasma membrane effects, result in more rapid apoptosis progression. This finding suggests a gradient of effects that progressively target intracellular structures and functions as the pulse duration decreases. It is likely that multiple and synergistic mechanisms, involving the plasma membrane, mitochondria, and other organelles are recruited that lead to such rapid nsPEF-induced apoptosis responses. Thus, the consequences of the nsPEF-induced effects and the kinetics of apoptosis induction are likely to depend on the number and nature of the cellular targets recruited. These results suggest that longer pulses affect more targets, including the plasma membrane.
Cytochrome c release from the mitochondria into the cytoplasm suggests that nsPEF recruit mitochondria-dependent apoptosis mechanisms. It is not clear whether mitochondria are primary or secondary targets. Nuclear or DNA damage could initiate apoptosis through p53, but neither Jurkat nor HL-60 cells express a wild-type p53, suggesting that our observations include wildtype p53-independent mechanisms. Other possible targets include disruption of plasma membrane ion pumps, which function to regulate K+ (cell volume), H+ (pH), and/or Ca2+ (cell signaling), and/or the endoplasmic reticulum, which mediates stress responses and Ca2+ mobilization (41) . Additional studies are in progress to determine cellular targets recruited by nsPEF.
The specific nsPEF determinants required for apoptosis induction are not fully clear. It is clear that as the pulse duration is decreased, higher electric fields are required for apoptosis induction. This is independent of thermal effects, because the energy densities are low and, when held constant, the intensities of apoptosis markers are more robust with longer pulse durations at lower electric fields. This demonstrates the importance of pulse duration. Interestingly, the nsPEF principles that determine apoptosis induction also determine plasma membrane poration when it occurs. This suggests that electroporation of intracellular structures may be important mechanisms of nsPEF effects (15) . Further studies will be required to define the thresholds for apoptosis induction and the nsPEF characteristics that recruit apoptosis signaling mechanisms in cells and tissues.
The results presented clearly show that nsPEF effects are distinctly different than classical plasma membrane electroporation and that nsPEF induces apoptosis in human HL-60 and Jurkat cells through caspase-and mitochondrial-mediated pathways that do not require, but are enhanced by plasma membrane electroporation. 1 . Temporal development of a voltage pulse generated with the Blumlein pulse generator. The FWHM (full width at half of the maximum value) is 10 ns. The finite (3 ns) rise and fall times are determined by the switch, a highpressure spark gap. Reflections are due to the non-ideal load, which besides resistive components has also capacitive and inductive components. The current, which is delivered to the load, is for this pulse generator given as V/10 in amperes. For the maximum voltage of 30 kV, this is 3 kA. In spite of the very high power, 90 MW, the energy transferred to the load is rather low, 0.9 J. Considering that it takes 4.185 J to heat 1 ml of water by 1°C, the temperature increase caused by this pulse in the load (suspension in a cuvette) should, even for these highest electrical values, be biologically insignificant. Differences between cell types. HL-60 cells and Jurkat cells were exposed in the presence of EthD-1 to five repetitive pulses (1-2 s intervals) for 10 ns (150 kV/cm), 60 ns (60 kV/cm), and 300 ns (26 kV/cm). The energy density was ~1.7 J/cc/pulse in all cases. Cells were analyzed by flow cytometry. A, B) Represent typical experiments, and (C) represents the geometric mean EthD-1 fluorescence ± SEM in six to eight experiments for the cell types as indicated. Jurkat cells were treated or not treated with three 60 ns pulses (1-2 s intervals) with electric fields of 60 kV/cm and energy levels of 1.7 J/cc/pulse. Ethidium and annexin-V-FITC were added at various times after exposure to nsPEF as indicated, cells were analyzed by flow cytometry and illustrated as contour plots as annexin-V-FITC versus ethidium homodimer fluorescence in a typical experiment (A-C). The quadrants in the contour plots were set to include ~85% of the normal cell (low annexin-V-FITC and EthD-1 fluorescence) in the lower left quadrant. The percentage of cells (means ± SEM, n=6) in the quadrants derived from contour plots is shown in (D). Annexin-V-and EthD-1-negative cells (lower left quadrant) were considered intact and normal; annexin-V-positive/EthD-1-negative cells (lower right quadrant) were considered apoptotic; EthD-1-positive cells (upper quadrants, left and right) were considered necrotic (breached plasma membrane). 
